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Abstract
The feasibility study for an e+e- linear collider based on two beams accelerator and
working at 30 GHz is investigated with the CLIC (Compact Linear Collider). A new
set of beam parameters has been presented at the LC 97 Workshop. Compared to the
previous reference scheme for the injector complex, several major changes occurred.
The two options, 0.5 TeV and 1 TeV (centre of mass), are discussed. Several issues
concerning the RF gun and the associated laser, the beam loading compensation, the
positron source, the damping rings and the bunch compressors are presented. This
note presents the study of the new CLIC injector complex.
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The CLIC (Compact Linear Collider ) is one possible future lepton linear collider.
The principle is based on 2 beams. One is the main linac which accelerate particles
for collisions and the other one is the drive linac which is the source of the RF power
for the main linac.  In this note, only the injectors of the main linacs are described. A
powerful efficient scheme for the injector complex has been already proposed for
CLIC [1]. A new set of CLIC parameters was edited in June 1997 [2]. The main
objectives were to get smaller wake fields, comparable to the other linear colliders, in
order to reduce the tolerance constraints and to simplify the correction schemes. The
beam parameters, in the main linacs, fulfill conditions which lead to good beam
stability. They take also into account a beam spot size dilution in the final focus of
25%, a better RF to beam transfer efficiency and the emittance blow-up induced by
the transverse wake fields. Therefore the CLIC injector complex has to provide new
beam parameters at the entrance of the main linacs. The main modifications to the
production beam parameters are the number of bunches, the charge per bunch at the
Interaction Point (I.P.), the normalised emittances at I.P., the rms bunch length, the
repetition frequency, the bunch spacing and the damping ring energy.
They are summarised below and compared to the last reference scheme concerning
the injector complex :
Parameters Unit 1994        1997   (1 TeV)
Number of bunches in the train k 1 to 4 60
Number of particles per bunch 10
9
 er 8.3 4
Normalised vertical emittance rad-m 0.05 x 10-6 0.04 x 10-6
Normalised horizontal emittance rad-m 1.50 x 10-6 1 x 10-6
RMS bunch length Pm 170 50
RMS bunch length ps 56 16
Train repetition frequency Hz 1700 444
Bunch spacing ps 800 666
Beam power MW 4.51 8.53
Damping ring energy GeV 2.15 1.98
Notes:
i) The above values given for the 1997 scheme concern the 1 TeV option. For the
0.5 TeV option, the normalised horizontal emittance is 1.30 x 10-6 rad-m and the train
repetition frequency is 511 Hz. All other parameters remain the same for both options.
ii) The RF gun and all linacs will be L-band structures. They will work  at 1.5 GHz.
41. Basic parameters for 0.5 TeV and 1 TeV
Figure 1 gives the layout taking into account the new parameters.
1) Beam power
The beam power P (in W) can be expressed as:
fENkP uuuu 6.1 (1)
where k  is the number of bunches in a train, N  the number of particles (in 1010) in a
bunch, E  the beam energy (in GeV) and f  the repetition frequency (in Hz).
For CLIC the bunch charge is reduced by a factor 2, compared to the previous study,
but the number of bunches is increased by a factor 15.
For the 0.5 TeV option (250 GeV per beam), the beam power is P = 0.185 MW at the
entrance of the main linac while it will be P = 4.91 MW at I.P.
For the 1 TeV option (500 GeV per beam), the beam power is P = 0.160 MW at the
entrance of the main linac while it will be P = 8.53 MW at I.P.
2) Particle production
In the new scheme the particle production is 1.23 x 1014 er/s. In the 1994 reference
scheme, it was 0.6 x 1014 er/s. This factor of 2 has some consequences on the beam
loading for the new trains and also on the energy dissipated inside the e+ target.
3) Bunch length














For a ’E/E = r 1 %, ’)/2 = 11.4o. We assume that this extension corresponds to 2 V
z
.
With some margin, one can approximate 2 V
z
 | 10 o, therefore V
z
 | 5 o.
The new bunch spacing (0.666 ns) requires a RF frequency of 1.5 GHz.
Therefore with such RF frequency, the maximum rms bunch length will be
V
z
 = 3 mm. It corresponds to a pulse width of Vt = 9.3 ps. Within r 2 Vz , one has
95.5 % of the charge. The bunch length is assumed to remain almost constant from
the RF gun up the first bunch compressor downstream the damping ring for the
electron beam. For the positron beam, one should take into account the bunch
lengthening in the capture system.
54) Energy spread and bunch lengths
The ideal conservation of the longitudinal emittance, at two different energies E1 and















where VE  and Vz are the (rms) energy spread and the (rms) bunch length respectively.
In the present scheme, two stages of bunch compressors are foreseen. One is working
at the damping ring energy, 1.98 GeV, and the other one is working at 9 GeV, just
upstream the main linac.
For the BNS damping, at 20 GeV, the correlated energy spread has to be VE2 = 0.8 %
with a bunch length of V
z2 = 50 Pm. In order to have some margin, it is proposed to
use roughly a factor 2 less for the incoherent energy spread.
Simulations have been performed [3] and the results are shown on Figure 2. It plots
the normalised vertical emittance at I.P. versus the incoherent energy spread at the
injection of the main linac (9 GeV). With an incoherent energy spread equal to zero at
the injection into the main linac, the normalised vertical emittance at I.P. is
0.0605x10-6 rad-m. Compared to the nominal 0.05x10-6 rad-m at the main linac input,
the increase is 21 %. If the incoherent energy spread raises to 1.5 %, the normalised
vertical emittance increases up to 0.0625x10-6 rad-m  (Figure2).
From the damping ring exit, the energy spread could be reduced [4] down to
0.082 %.  By virtue of equation (3), energy spread and bunch length are calculated at
different energies and reported in Table 1. It summarises the beam characteristics
from the damping ring exit up to the main linac.
Table 1: Energy spread and bunch length at different energies













Energy (GeV) 1.98 1.98 9 9 20 250
Bunch length (Pm) 3 000 250 250 50 50 50
Energy spread (%) 0.082 0.984 0.216 1.08 0.49 0.039
6The first column gives the values at the damping ring exit. In the first approximation
there are assumed to remain constant up to the first stage of the bunch compressor.
The same assumption is made between the booster linac exit and the second stage of
the bunch compressor which is just upstream of the main linac at 9 GeV. The fifth
column shows that in the main linac at 20 GeV, the energy spread of 0.49 % remains
a factor 1.6 smaller compared to the coherent energy spread necessary for the BNS
damping.
The energy spread of 1.1 % at the injection of the main linac assumes a perfect
longitudinal phase space. It has been shown that the effect of non-linearities is small,
of the order of 10 %. Therefore an energy spread of 1.2 %   implies a vertical
emittance growth of 1.5 x 10 - 9 rad-m (Figure 2).
The growth of 2.5 % is acceptable and still gives a safety margin compared to the
goal of  0.10x10 - 6 rad-m for the normalised vertical emittance at I.P.
However the small energy spread and the small emittances at the exit of the damping
rings involve a careful study for the rings. The energy spread at the injection of the
main linac imposes a tight beam loading compensation for the train in the booster
linac.
5) Transverse emittances
The normalised transverse beam emittances at I.P. are imposed by the luminosity
value.
Assuming a blow-up [5] of 45% from the damping exit in the horizontal plane and a
blow-up of 150% for the vertical plane, up to the I.P. the expected normalised
emittances are given in Table 2.
Table 2 : Normalised emittances JH
x
/JHy at different energies
Values at the exit of the
systems







Energy  (GeV) 1.98 9 250
Horizontal (10-6 rad-m) 1.30 1.40 1.88
Vertical (10-6 rad-m) 0.04 0.05 0.10
1 TeV
Energy  (GeV) 1.98 9 500
Horizontal (10-6 rad-m) 1 1.10 1.47
Vertical (10-6 rad-m) 0.04 0.05 0.10
7The damping rings are designed in order to cope with these requested emittances and
with the minimum emittances which can be provided by the sources of the leptons.
6)  Transmission efficiency
At the Linear Collider workshop (Japan 1995), the Injector working group proposed a
transmission efficiency of 100 % from the damping ring exit up to the final focus.
However like for NLC [6], the maximum single bunch charge is increased by 5 % to
allow beam losses due to collimation.
Concerning the superconducting issues at 1.5 GHz, several scaling are done from
TESLA studies.
Regarding the injector complex, NLC is the most comparable to the CLIC. NLC
considers three set of parameters (a,b,c) which define the “operating plane” of the
collider [6]. The luminosity is constant through different combinations of beam
currents and I.P. spot sizes. The charge is increasing from case a) to c). For
comparison with CLIC, the case b) is used. For the damping rings, NLC design
includes 25 % more of safety margin, if necessary.
Table 3 summarises the CLIC basic parameters and compares them to the NLC
parameters.
8Table 3 : Comparison of basic parameters for NLC and CLIC
Linear Colliders Unit NLC NLC CLIC CLIC
General parameters I II I II
Parameters at IP
Centre of mass energy TeV 0.5 1 0.5 1
Luminosity nominal 1033 cm-2s-1 5.5 11 6.25 12.5
Nb of particles / bunch 1010 er 0.75 1.10 0.4 0.4
Nb of particles / pulse 1010 er 67.5 99 24 24
No of bunches / pulse - 90 90 60 60
Bunch spacing ns 1.4 1.4 0.67 0.67
Bunch spacing mm 420 420 200 200
Pulse duration ns 126 126 40 40
Bunch length Pm 125 150 50 50
Linac repetition frequency Hz 180 120 511 444
Norm. trans. emittances JH
x
 /JHy 10-6 rad.m 4/0.11 4/0.13 1.88/0.10 1.47/0.10
RMS beam width nm 294/7.8 284/6.5 206/5.4 129/3.8
Beam power per beam MW 4.86 9.5 4.91 8.53
At main linac injection
Energy GeV 10 10 9 9
Nb of particles / bunch 1010 er d 0.85 d 1.25 0.42 0.42
Bunch length Pm 100-150 125-150 50 50
Energy spread % 1.5-1.2 1.3-1.4 1.08 1.08
Transverse emittances (JH
x
/JHy) 10-6 rad.m 3.60/0.04 3.60/0.04 1.40/0.05 1.10/0.05
At Damping Ring exit
Energy GeV 1.98 1.98 1.98 1.98
Nb of particles / bunch 1010 er 0.9 1.31 0.42 0.42
Bunch length Pm 4000 4000 3000 3000
Energy spread % 0.09 0.09 0.082 0.082
Transverse emittances (JH
x
/JHy) 10-6 rad.m 3/0.03 3/0.03 1.30/0.04 1.30/0.04
At PDR(e+) or DR(e-) entrance
Nb of electrons / bunch 1010 e- 1.0 1.45 0.5 0.5
Nb of positrons / bunch 1010 e+ 1.7 2.5 0.64 0.64
Energy spread for e- % (FWHH) 1 1 1 1




- 10-6 rad.m (rms) 100/100 100/100 7/7 7/7
Trans. emittances (JH
x
/JHy) for e+ rad.m (edges) 0.06 0.06 0.06 0.06
92. Description of the injector complex
2.1  Overview of the different systems
The injector complex provides the beams for injection into the main linacs. This
complex must behave as stable and reliable sources for the remaining of the linear
collider. Therefore some operating margins have to be taken into account. The bunch
spacing in the train imposes a RF acceleration frequency of 1.5 GHz. The gun and the
RF structures are L-band for the whole injector complex except the last stage of the
bunch compressor. The present scheme of the CLIC injectors (Figure 1) is composed
by :
x A powerful laser system
x A single photo-cathode RF electron gun providing 10 MeV beam.
x A superconducting pre-injector linac providing 190 MeV of energy gain. At the
exit, the e- beam has an energy of 200 MeV.
x A superconducting injector linac providing 1.78 GeV of energy gain. At the exit
the particles have an energy of  1.98 GeV. This linac accelerates alternatively a
train of electrons for positron production, a train of positron for collisions, and a
train of electron for collisions.
x A DC dipole magnet separating the e- beam and the e+ beam. It also permits to
send the beam towards a dump where beam instrumentation will be implemented.
x A pulsed magnet, in the e- line, allowing the primary beam either going to the e+
target or going to the e- damping ring.
x A conventional positron source, copied from the SLC, receiving the high intensity
primary e- beam. For reasons of reliability and high level of radiations, a second e+
source would be implemented as proposed by NLC.
x A e+ pre-injector linac which accelerates e+ (and secondaries e- ) up to 200 MeV.
This pre-injector will be the only not superconducting linac.
x A pre-damping ring and one damping ring (for e+) and one damping ring (for e- ).
x A first stage of bunch compressor acting on both beams and working at 1.98 GeV
x An unique superconducting booster linac accelerating both beams up to 9 GeV
x Two transfer lines (one for e- and one for e+)
x A second stage of bunch compressor (one for e- and one for e+)  at 9 GeV.
The main challenges for the CLIC injector complex are :
1) The stability requirements for the laser (0.5 % rms intensity jitter)
2) An RF gun providing high intensities within small emittances (4 x 10-6 rad.m)
3) The beam loading in all linacs (10 % with 60 bunches)
4) The power dissipation in the e+ target (44 kW)
5)  The damping rings with very small emittances (4 x 10-8 rad.m)
6)  Two stages of bunch compressors providing a factor 60 of compression.
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2.2 Considerations on source parameters
The new challenge for the CLIC source is that it should produce trains of 60 bunches,
spaced by 0.7 ns with a repetition rate of 511 Hz, small emittances and a good
stability. The electron source is an RF gun, driven by a laser. The latter uses a
Titanium-doped sapphire (Ti:Sapphire) as a primary laser source. It allows high
repetition rate (range of kHz) with very good output stability (range of 0.5 % rms).
The 40 ns-laser pulse is shaped in order to get a rectangular intensity profile. The
laser illuminates the photo-cathode with two consecutive trains of 60 pulses each. The
delay between these 2 consecutive trains can be adjusted. However for reasons of
flexibility regarding the optics of the injector linac (see paragraph 3.3), a good choice
seems to be an half CLIC repetition time (0.978 ms or 1.126 ms). The first train
produces the high intensity e- beam for positron production while the second one
produces the low intensity e- beam for collisions. The intensity modulation is obtained
by amplitude modulation of the Ti:Sapphire laser.
Regarding the energy requirements for the laser, it is not an issue with Cs2Te photo-
cathodes. They have a quantum efficiency (QE) of 2 % with a very good life time of
several weeks [7][8]. The laser energy EL is given by the classical formula:
QE
QEL uu O24.1 (4)
where )/(1024.1 6 CmJqch uu  , and therefore EL (PJ),  Q (nC), O (nm). A
maximum charge for the RF gun is around 3 nC per bunch for the present CLIC
requirements.
Q = 60 x 3 nC = 180 nC
O = 262 nm (3rd harmonic)
QE = 0.02
One finds EL = 43 PJ.
For the laser, an energy of several mJ is currently obtained.
But Cs2Te photo-cathodes exclude the use of polarised electrons. Some tests have
been done in the CTF, using a GaAs photo-cathode produced by SLAC. A charge of 2
nC with a laser wave length of 262 nm and an electric field of 85 MV/m was
obtained [8][9]. The possibility to produce polarised electrons can be done with  a
second RF gun.
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Regarding the stability requirements, a high level of stability is requested for the
laser. If charge fluctuations occur in the train, the beam loading varies in the
accelerators and hence introduce additional energy spread in the beam. The pulse-to-
pulse charge jitter would be below 0.5 % (rms) and the bunch-to-bunch charge jitter
would be below 1 % (rms).
The transverse laser spot size, on the photo-cathode, would not exceed 1 % of
variations in diameter.
The repetition frequency of the laser should be tightly locked to the RF frequency (in
fact to one subharmonic). A timing jitter between the laser and the RF phase of the
gun introduces an energy change and the transverse phase space is also modified. The
timing jitter should remain below 1 ps (rms).
In the CTF, the laser is a Nd:YLF. The laser produces 2 consecutive pulses. Each
pulse is divided optically in order to produce 24 pulses. The repetition time between
the two trains of 48 bunches is 100 ms. The measured pulse-to-pulse charge jitter was
3 % and is being improved to get 1 % (rms). The bunch-to-bunch charge jitter is 15 %
for a charge of  10 nC (6 x 1010 e-/bunch). But the pulse-to-pulse timing jitter is 1 ps
(rms). At SLC, an intensity jitter of 0.6 % (rms) has been demonstrated for the
Ti:Sapphire oscillator.
The use of a second RF gun with a second independent laser is considered. There
would be another beam line with the second RF gun. It presents several advantages:
i)  If one laser fails, the second one is used as a spare.
ii) If some limitations occurred concerning the laser stability between the high charge
cycle and the normal charge cycle, one can decouple these 2 cycles. Each laser would
be devoted to each cycle.
iii) In case where severe limitations occurred to get the requested vertical emittance
from the electron damping ring, it would be possible to use the second laser to shape
the beam profile in order to get an asymmetric electron beam coming out from the
photo-cathode (see paragraph 2.5). Nevertheless the optics of such configuration
working at 10 MeV remain to be studied.
2.3  Electron for positron production
The beam charge at the exit of the RF gun is calculated from the necessary charge
(1.35 x 1010 e-/bunch) on the target (see next paragraph) and from the transfer
efficiency of the different linacs. Table 4 summarises the values.
The overall efficiency between the RF gun and the target is taken to 70 %. The safety
margin is conservative. The RF gun should deliver 2 x 1010 e-/bunch.
The bunch length could be 3 mm or less. The laser pulse width can be 9 ps (rms) or
less which is not a stringent constraint.
12
In paragraph 2.5, discussion about possible emittances from the RF gun leads to a
value of 4 x 10-6 rad.m for a charge of 0.62 x 1010 e-/bunch (1 nC). By doing a linear
scaling with the charge, one obtains an emittance of  13 x 10-6 rad.m for the
2 x 1010 e-/bunch needed to create the train for positrons production.
Table 4 :  Transfer efficiencies for e-  high intensity
Transfer efficiency
RF gun











 on the target
2.4 Positron source for the main linac
The positron source for the CLIC is a conventional one based on an electromagnetic
shower created by electrons impinging on high-Z material target. The design takes
into account the experience gained from the SLC source which has demonstrated
excellent reliability over many years and the studies already done for the NLC. The
source and its associated 2 GeV linac must meet the specifications for 0.5 TeV and
1 TeV options. NLC source produces a positron beam with more than twice the
intensity required at interaction point. In the main linac and final focus system, 5 %
loss are assumed. A similar strategy, as adopted by NLC, is followed for CLIC :
i)  double the radius (compared to SLC) of the incident electron beam. The (rms)
spot size (radius) of the primary beam will be 1.6 mm. The pulse energy
deposition and hence the pulse positron production is quadrupled.
ii)  accelerate the e+ beam at 1.5 GHz (L-band) in a structure twice larger than SLC
with an uniform magnetic field in the solenoid at the same value as in the SLC.
Doubling the beam radius on the target quadruples the horizontal and the vertical
beam emittances of the positrons. However the L-band structures (rL | 20 mm
while rS | 5 mm) increase the transverse admittance by a factor 16 and double the
longitudinal phase space admittance. But the bunch lengthening in the capture
section reduces this gain.
Under these assumptions a factor of 4 greater than the SLC e+ yield is a reasonable
expectation and leads to a normalised yield of  0.33 e+ / e- x GeV at the exit of the e+
pre-injector linac.
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NLC I assumes a yield of 0.45 after the e+ pre-injector [10]. In the CLIC injector, a
normalised yield of K = 0.30 is considered. Therefore the charge per bunch for the









 N+ = 0.8 x 1010 e+/bunch at the exit of the e+ pre-injector (factor 2 compared to I.P.)
K  = 0.30 e+/ e- x GeV
E
-
 = 1.98 GeV
 One finds N- = 1.35 x 1010 e-/bunch
The capture system is similar to the NLC where ETRANS simulations give an edge
normalized emittance for positrons of 0.06 rad-m. Assuming that the cuts, at the pre-
damping ring entrance, are made such that the distribution is uniform in x/x’ and y/y’,
an effective rms emittance is defined as H
rms
  |  0.7 H
edge [11]. Therefore the incoming
effective e+ rms emittances (both planes) into the pre-damping ring will be
| 0.042 rad.m.
A possibility to produce positrons from channeling process is under development
[12]. A large number of soft photons are generated using the atomic potential in a
crystal. The incident electrons propagating in the vicinity of the crystal axis behave
similarly to those in a magnetic wiggler, where the periodicity is several times the
atomic distances. However the channeling effect occurs if the incidence angle of the
electrons is smaller than a critical angle T
c
 proportional to the square root of the
atomic potential and inversely proportional to the square root of the particle energy.
The effect has been already demonstrated. However the thermal and radiation effects
using high intensity incident electrons should not affect the crystal structure [13].
Encouraging results have been obtained, in 1996, using the SLC 30 GeV beam hitting
a tungsten crystal of 0.3 mm [14].
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2.5  Electron source for the main linac
We assume a transmission efficiency between the RF gun and the e- injector linac
similar to the values in Table 3, even if the charge is lower. Taken 85 % between the
injector linac and the damping ring, the total efficiency is about 70 %. From the
damping ring exit up to I.P. the value of 95 % is kept which allows beam losses due
to collimation. Therefore the RF gun should produce 0.62x1010 e-/bunch or
1 nC/bunch.
If the same laser is used to illuminate the photo-cathode, the bunch length is also the
same, i.e. 9.3 ps (rms) or less. The bunch length of the electron beam will be adjusted
in such of way that the total phase space volume is minimum.
In the CLIC Test Facility (CTF), for a charge of 1.8 nC, the measured normalised
emittance was 35 x 10-6  rad.m. However no specific developments were made to
reduce the beam emittances in the CTF.
In the TESLA case, a scheme is designed in order to eliminate the higher-order spatial
harmonics which can cause emittance growth and which allows a precise positioning
of the compensation magnet. The RF gun works at 1.3 GHz and a field of 35 MV/m
provides, for a charge of 10 nC, a normalised emittance of 30 x 10-6 rad.m. The beam
dimensions, charge, electromagnetic fields and emittances all scale linearly with RF
wavelength. The emittances scale approximately linearly with the charge for a given
RF wavelength. The CLIC RF gun is foresee for an RF frequency of 1.5 GHz and an
electric field of 50 MV/m. Thus a scaling for this gun gives a beam emittance of 7 x
10-6  rad.m.
At BNL, for a charge of 1 nC, a bunch length of 1 mm, an emittance of 4x10-6 rad.m
has been measured [15]. We assume that such figure could be achieved for the CLIC
RF gun. In case where such beam emittances would not been possible to achieve, a
second RF gun could be used to shape the beam profile in order to produce an
asymmetric distribution coming out from the photo-cathode [16]. In extreme case, a
solution would be to install a e- pre-damping ring.
Table 5 summarises the beam characteristics along the injector complex for 0.5 TeV.
However for 1 TeV option, only the beam emittances between the damping rings and
I.P. change (see Table 2), otherwise all parameters remain identical.
Although the case for polarised electrons is not treated in this study, this  possibility
can be implemented in the present CLIC injector complex.
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Table 5 : Evolution of the main beam parameters along the injector complex
( 0.5 TeV)*
All rms values are given at the exit of each system.





GeV 1010 er mm 10-6 rad.m
Electrons
RF gun 0.010  0.62 d  3  4/4
Pre-injector 0.2 0.55 3 5.3/5.3
Injector Linac 1.98  0.50 3 7/7
Damping ring 1.98 0.42 3 1.30/0.04
Compressor 1 1.98 0.42 0.25  -
Booster Linac 9 0.42 0.25 -
Compressor 2 9 0.42 0.050 1.40/0.05
Main linac 250 0.4 0.050  1.88/0.10
Positrons
RF gun 0.010 2 d  3 13 /13
e
-
 Pre-injector .200 1.8 3  20/20
e
-
 Injector Linac 1.98 1.6 3 25 /25
e
-
 on converter 1.98 1.35 3 30/30
e
+
 at converter .020 8 42000/42000
e
+
 Pre-injector Linac .200 0.8 42000/42000
e
+
 Injector Linac 1.98 0.64 42000/42000
Pre-damping ring 1.98 0.51 3 63/1.50
Damping ring 1.98 0.42 3 1.30/0.04
Compressor 1 1.98 0.42 0.25  -
Booster Linac 9 0.42 0.25 -
Compressor 2 9 0.42 0.050 1.40/0.05
Main linac 250 0.4 0.050  1.88/0.10
* For 1 TeV, all values are identical except for the emittances between the damping
ring exit and the I.P. (see Table 2).
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3. Beam loading in the linacs









 rf  is the RF pulsation, r0’ the normalised shunt impedance per unit length,
N q  the charge and E  the accelerating field. The parameter elastance is introduced





sh is the shunt impedance per unit length.














where s  is expressed in (V /pC m), N  in 1010 and E  in (MV/m).
Three different systems have to be discussed.
a) The RF gun
In the CTF, a new RF gun with a laser driven photo-cathode has been implemented
[17]. According to the iris diameter, the obtained elastance is between 11 and
8 V/pCxm. The electric field is 100 MV/m with the RF gun powered by 17 MW. The
beam momentum is 7 MeV/c. Since the elastance is proportional to the RF frequency,
a simple scaling from the CTF RF gun gives  a value of 5 V/ pC x m.
Concerning the accelerating gradient inside the RF gun, the same scaling provides an




uu  4108.0  (10)
where N  is the number of particles (in 1010) either in the bunch or in the train.
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b) The superconducting linac structures
TESLA [18] uses superconducting cavities working at 1.3 GHz.  The R/Q is 1.036 k:
for a length of 1.038 m. Therefore r0’ = 0.998 k:/m. The design accelerating gradient
is 25 MV/m.
A simple scaling is made for the elastance and gives s = 10.84 V / pC m. It is the
value used in this study.
Concerning the accelerating gradient, a conservative value of 10 MV/m is taken for
the superconducting structures of the CLIC injector complex.




uu  41067.8  (11)
where N  is the number of particles (in 1010) either in the bunch or in the train.
Just for comparison,  in the CLIC structures (30 GHz), r0’ = 25 k:/m, hence at
1.5 GHz, r0’ | 1.25 k:/m. For LIL structures (3 GHz), r0’ = 4.6 k:/m, hence at
1.5 GHz, one expects r0’ | 2.3 k:/m. The scaling made here for the normalised shunt
impedance per unit length gives r0’ = 1.15 k:/m.
The Advanced Free-Electron Laser at Los Alamos has a 1.2 m section working at
1.3 GHz with an accelerating gradient of 19 MV/m (normal structures).
c) The normal structures for e+ pre-injector linac
For NLC [6], the elastance is 18  V/pC m. The loaded gradient is 24 MV/m and the
RF frequency is 1.428 GHz. For CLIC similar structures are implemented at 1.5 GHz.
Therefore the same elastance is used.
N106
U
dU 4 uu  (12)
where N  is the number of particles (in 1010).
The contribution to the momentum spread from the bunch is negligible for these 3
cases. Only values for the train are discussed below.
For the RF gun, the beam loading is small enough and no specific compensation is
necessary.
In all superconducting linac, only the ’f method can be applied (and not the so-called
’t method or early injection) for the beam loading compensation.
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The beam loading in all linacs is given in Table 6 assuming that the time between two
consecutive trains is large enough to fill in completely the linac structures.
The mean momentum <U> has been rounded in a direction of a larger beam loading.
The last column gives the momentum gain of the first particle in the train which is not
affected by the beam loading.
Table 6: Momentun spread induced by beam loading and beam momentun gain
assuming RF structures completely filled
Train charge dU/U <U> U max
1010 MeV/c MeV/c
RF gun
High e- beam 60 x 2 - 0.0096 9.95 ± 0.05 10





High e- beam 60 x 2 - 0.104 180 ± 10 190





Main e+ beam 60 x 2.2 - 0.08 192 ± 8 200





High e- beam 60 x 1.7 - 0.088 1701 ± 79 1780
Main e+ beam 60 x 0.8 - 0.042 1743 ± 37 1780





Main e+ beam 60 x 0.42 - 0.022 6943 ± 77 7020
Main e-  beam 60 x 0.42 - 0.022 6943 ± 77 7020
In order to optimise the installed RF power for the beam loading compensation, the
nominal value of the momentum gain is taken at the middle of the train. The first part
of the RF is used to decelerate the train while the second part is used to accelerate the
train. Table 7 gives the value of the mean momentum gain with the necessary RF
power for each linac.
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Table 7: Momentun spread induced by beam loading, beam momentun gain and
installed RF power  
Train charge dU/U <U> RF power
1010 MeV/c MV
RF gun 10.05
High e- beam 60 x 2 - 0.0096 10 ± 0.05





High e- beam 60 x 2 - 0.104 190 ± 10





Main e+ beam 60 x 2.2 - 0.08 200 ± 8





High e- beam 60 x 1.7 - 0.088 1780 ± 82
Main e+ beam 60 x 0.8 - 0.042 1662 ± 36 + 118





Main e+ beam 60 x 0.42 - 0.022 7020 ± 77
Main e- beam 60 x 0.42 - 0.022 6866 ± 77 + 154
3.1  Beam loading compensation in the e- pre-injector linac
For the e- pre-injector, the beam loading is compensated with an additional RF power
of 10 MV. The installed RF power in the e- pre-injector will be 200 MV. For the high
charge train, the beam loading compensation is obtained with the full RF power while
for the main electron beam, only a part of the installed RF power is used in order to
compensate the beam loading. Within 978 Ps separating the both trains, the delay is
enough to adjust the RF amplitude.
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3.2 Beam loading compensation in the e+ pre-injector linac
Simulations done for NLC [6] shows that electrons are 65 % more abundant than the
positrons at the end of the capture system. A value of 2.2 particles/bunch is estimated
inside the linac of the capture system.  The installed RF power is 208 MV in order to
get a mean energy of 200 MeV. With solenoid around the capture sections, it would
be difficult to install cryogenic structures. The beam loading compensation, with
classical RF structures, could be done with ’f or ’t method. Two extra L-band
structures will provide the necessary RF power for the beam loading compensation
for the ’f method. The use of  3 frequencies f0 r ’f will allow a flexible system where
the currents can be varied.
As shown on Figure 1, the 200 MeV positron beam emerging from the capture
sections is injected into the superconducting injector linac after an achromatic and
isochronous bend doublet. The latter allows the e- beam to be dumped at the exit of
the e+ pre-injector linac.
3.3 Beam loading compensation in the er injector linac
The injector linac experiences 3 different trains:
i)  The first one is the primary e- beam which induces the major beam loading
ii)  The second is the main e+  beam. It follows the first one. The superconducting
linac with a gradient of 10 MV/m will be | 200 m long. With the transfer lines,
the total distance is roughly twice 250 m. Therefore the time delay between the
first e-  bunch (primary beam) and the first e+  bunch at the entrance of the injector
linac is 1.7 Ps. It is the time delay between the 2 trains.
iii)  The third train is the main e- beam. It follows the main e+ beam and the time
delay can be adjusted. Two possible strategies could be adopted:  a) The main e-
beam follows the main e+ beam within a short time but long enough to restore the
same mean energy for both trains. The advantages are: i) the beam loading
compensation is simplified. ii) The length difference of the transfer lines (e- and e+
) between the booster linac and the main linacs is reduced. The disadvantage is
that both operations cannot be decoupled (like at SLC) and the optics cannot be
optimised for each type of particle. b) The main e- beam is far away from the main
e
+
 beam. Hence the optics could be adapted (pulsed) from a train to the other one.
One has more time for pulsing elements, i.e. the Ti:Sapphire laser driven the RF
gun, the magnet BH in the e- transfer line and the beam transport optics.
Considering this case, the timing of the main e- beam is adjusted in order to be in
the middle of a CLIC cycle (1957 Ps). Table 7 gives the corresponding values and
Figure 3 show the beam loading effects for the injector linac in a schematic way.
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In order to decouple the beam loading compensation for both beams, an additional RF
power is implemented in the transfer lines between the injector linac and the damping
rings. For electrons, a RF power of 36 MV is installed downstream the BH magnet. It
allows an independent adjustment for the main e-  beam. For positrons, a RF power of
118 MV is installed upstream the pre-damping ring.
The installed RF power for the er  injector linac is 1862 MV.
3.4  Beam loading compensation in the er booster linac
For the er booster linac, the energy spread (± 1.1 %) needs also to be compensated
since one needs 0.21 % (rms) energy spread at the end of the transfer lines before the
second stage of bunch compressor. The installed RF power for the er booster linac is
7.097 GV.
However the two consecutive trains are passing through the booster linac with a very
short delay in time. Both trains should arrive at I.P. at the same time. The difference
in time is compensated with a transfer line longer compared to the other one. The
positron beam is the first train crossing the booster linac. The electron beam is the
second train crossing the booster linac. Figure 4 shows the beam loading effects for
the booster linac. The variations of the momentum gain are plotted versus the CLIC
cycle. The electrons train gains less energy. In order to get the same energy of 9 GeV
at the second stage of bunch compressor, an additional RF power of 154 MV is
installed in the e-  transfer line.
While the e+  transfer line is classical, the e-  transfer line will be longer and should be
optimised in order to inject the e-  train in the main linac, at the same time as the e+
train, with the same energy and with the same energy spread.
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4. Positron production
4.1  Yield calculation
The yield for both positrons and electrons is calculated using EGS program. The
classical target W75Re25 has a radiation length F0  = 3.43 mm. It is desirable to
maximise the e+ yield but the volume density of the e- pulse should be kept reasonably
below the failure threshold. An optimal target thickness is found for a length of 4.5
F0. For NLC, where the beam power is 8 % less than the CLIC power on the target,
the optimal length was found at 4 F0. At the exit of the e
+
 pre-injector (200 MeV), the
yield is found to be 0.59 e+ per drive electron. It represent a factor 2 compared to the
maximum desired bunch intensity at the I.P. The normalised yield, at 200 MeV, is
0.30 e+/ e- x GeV.
4.2 Energy deposition in the target
The CLIC e+ target is 15.4 mm long (4.5 F0 radiation length) and the primary beam
energy hitting the target is 1.98 GeV. The beam power is 131 kW for 0.5 TeV and
1 TeV. Simulations have been done [19] with the following conditions. The target
was splitted in 9 slices of 0.5 F0 each. The number of events was taken to 800. Table 8
gives the deposited energy per event in each slice.
Table 8: Deposited energy in CLIC e+ target
Slices F0 0-0.5 0.5-1 1-1.5 1.5-2 2-2.5 2.5-3 3-3.5 3.5-4 4-4.5
Energy MeV 8 18.20 36.30 58.50 77 103 110 125 130
The energy deposited in each slice is calculated from the total number of particles per
pulse which is 1.35x1010x60 = 81x1010 e-/pulse. The total energy is given by summing
the energy in all slices. One obtains 86.3 J. With a repetition rate of 511 Hz, the
deposited power (0.5 TeV option) is 44.1 kW while for 444 Hz (1 TeV option), the
deposited power becomes 38.3 kW.
Although the charge per pulse, on the target, is 66 % larger in the NLC, the mean
deposited power is 47 % larger in the CLIC, due to the high repetition rate.
For the 0.5 TeV option, the CLIC deposited power is 33 % of the beam power while
for the 1 TeV option is 29 %.
For comparison, in the 0.5 TeV option, the NLC deposited power is 19 % of the beam
power while for the 1 TeV option is 14 %.
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Simulations have been done [20] for the temperature dissipation in the target.
Figure 5 shows a schematic layout of the CLIC e+ target. The latter is mounted on a
copper wheel with a diameter around of 20 cm. The target is cooled from 2 water
tubes inside the copper. The maximum temperature where the e- hits the target is
650 oC, assuming a water temperature of 20 oC.
4.3 Pulse energy density in the target
Tests have been performed at SLAC [21] about thick targets having 5 to 7 radiation
lengths and a beam of 25 GeV. The failure threshold for W75Re25 due to single pulse









For the CLIC target, one has:
N- = 81 x 1010 e-/ pulse,  E- = 1.98 GeV,  V = 1.6 mm
Therefore, one obtains U | 2 x 1011 GeV/mm2. This density is still a factor 10 below
the threshold.
In the NLC, the beam density per pulse is a factor 5 greater than CLIC for the 1 TeV
option.
4.4 Positron collection system
Regarding the positron collection system, a brief description is given in [22] for NLC.
An adiabatic matching device using a flux concentrator with a radius of 4.5 mm and a
maximum field of 5.8 T is required altogether with a uniform field of 0.5 T over the
20 m of the linac.
The gradient is assumed to be 24 MV/m (loaded) for the L-band structures (normal
temperature). Two sections are foreseen for the beam loading compensation.
Table 9 and Table 10 present the CLIC parameters for the positron source and
compare them to the SLC and NLC for 0.5 TeV and 1 TeV respectively.
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Table 9: Positron source parameters (0.5 TeV)
Linear Colliders Unit SLC NLC CLIC
General parameters
Centre of mass energy TeV .1 0.5 0.5
N e+ / pulse at IP  3 67.5 24
No of bunches per pulse - 1 90 60
Pulse duration Ps 3.10-6 0.126 0.040
Bunch spacing ns - 1.4 0.667
Repetition frequency +z 120 180 511
Primary beam
Energy GeV 30 3.11 1.98
N e- / bunch  3 1.5 1.35
N e- / pulse  3 135 81
Beam power kW 17 121 131
Linac frequency GHz 2.856 2.856 1.5
RMS spot size (radius) on target mm 0.8 1.2 1.6
Pulse energy density 1011  GeV/mm2 5.2 9.3 2
Positron target
Material - WRe WRe WRe
Thickness FR 6 4 4.5
Energy deposition J/pulse 126 86
Steady state temperature oK 250 400 650
Mean deposited power kW 5 23 44
N e+ / pulse at exit  180 972 480
Capture system
Adiabatic Matching Device - Yes Yes Yes
Energy acceptance MeV 20 20 20
Wavelength of acceler. RF m 0.1 0.21 0.20
Minimum iris radius mm 9 20 20
Accelerating gradient MV/m 30 25 25
N e+ /bunch  8.7 2.1 0.8
Yields
Yield at e+ pre-injector exit e- / e+ x GeV 0.05 0.34 0.30
(200 MeV)
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Table 10: Positron source parameters (1 TeV)
Linear Colliders Unit SLC NLC CLIC
General parameters
Centre of mass energy TeV .1 1 1
N e+ / pulse at IP  3 99 24
No of bunches per pulse - 1 90 60
Pulse duration Ps 3.10-6 0.126 0.040
Bunch spacing ns - 1.4 0.667
Repetition frequency +z 120 120 444
Primary beam
Energy GeV 30 6.22 1.98
N e- / bunch  3 1.5 1.35
N e- / pulse  3 135 81
Beam power kW 17 161 131
Linac frequency GHz 2.856 2.856 1.5
RMS spot size on target mm 0.8 1.6 1.6
Pulse energy density 1011  GeV/mm2 5.2 10.4 2
Positron target
Material - WRe WRe WRe
Thickness FR 6 4 4.5
Energy deposition J/pulse 188 86
Steady state temperature oK 250 400 550
Mean deposited power kW 5 23 38
N e+ / pulse at exit  180 1688 480
Capture system
Adiabatic Matching Device - Yes Yes Yes
Energy acceptance MeV 20 20 20
Wavelength of acceler. RF m 0.1 0.21 0.20
Minimum iris radius mm 9 20 20
Accelerating gradient MV/m 30 25 25
N e+ /bunch  8.7 3.1 0.8
Yields




Reference [23] presents a study of the CLIC damping rings before the new
requirements for the CLIC parameters. The average current is derived from Q / t
where Q is the total charge in the train and t is train pulse length plus the rise time of
the injection kicker.
Q = 0.42 x 1010 x 60 x 1.6 x 10-19 = 4 x 10 - 7 C
t = 40 + 25 = 65 ns
<I>  = 0.63 A
5.1 Energy of the ring
In order not to exclude the possibility to use polarised particles, the ring energy
should be chosen so that the spin tune is a half integer [6].
E = (n + 0.5) 0.440 GeV (14)
With n = 4, one has E = 1.98 GeV.
Another consideration to have a lower energy is to keep the normalised emittances
small.
5.2 Damping times
Incoming normalised emittances being rather different for the e- and for e+ into the
damping rings, the number of damping times is not the same for both rings.
The normalised damping time W/ C (where C is the circumference of the ring) is
20 Ps/m for the electrons and 25 Ps/m for positrons.
The normalised equilibrium emittances are the same for both rings
JH
x
 = 1.30 x 10 - 6 rad.m and JHy = 0.04 x 10
 - 6
  rad.m
The emittance of the extracted beam can be expressed [6] from
 WW HHH NeNi ee 22 1    (15)
where Hi is the incoming emittance, He is the equilibrium emittance and NW is the
number of damping times the beam has been stored.
For the electron damping ring, NW = 5. For positrons NW = 6 for the pre-damping ring
and NW = 4 for the damping ring. Figures 6 and 7 plot the emittances versus the
damping time for e- and e+ respectively.
Table 11 summarises the parameters for both damping rings
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Table 11: Positron and electron damping rings




Momentum E GeV/c 1.98 1.98
Number of cells - - 58 52







1.30 / 0.04 1.30 / 0.04
Charge per bunch NC 109 e 4.2 4.2
Bunch distance in train m 0.2 0.2
Number of bunches 60 60
Beam current A 0.63 0.63
Momentum spread Ve 10-4 8.2 8.2




 10-6 s /m 25.0 20.0
Damping partition
numbers
Jx,y,z 1,1, 2 1,1,2
Bending magnet field B T 1.0 1.27
Momentum compaction Dp 10-4 3.76 3.23
Wiggler bending peak
field
%Z 7 2.2 2.0
Wiggler length Lw m 27 40
Impedance threshold Z/n : 0.12 0.10
RF frequency frf GHz 1.5+harm 1.5+harm
RF voltage VRF MV 1.5+harm 1.5+harm
Energy loss per turn U0 MV 0.528 0.660
Bunch length Ve mm 3.0 3.0
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6. Bunch compressors
References [24] and [25] is the work already done. In the present scheme the bunch
length is reduced from the damping ring exit (3 mm) down to the required value of
50 Pm (rms) in two stages.  The magnetic bunch compressors are standard systems
where an energy-phase correlation, along the bunch, is obtained by a classical RF
system working at a phase equal to zero. A magnetic chicane allows to complete the
S/2 rotation in the longitudinal phase space. The longitudinal emittance is preserved.





























where VE is the (rms) energy spread, E the beam energy, Vz the (rms) bunch length, fRF
the RF frequency, c  the velocity of the light, 1 and 2 the index at the input and output










where VRF  is in (MV) with E in (GeV),  fRF in (GHz), VE in (%) at the input of the
bunch compressor and V
z
 in (mm) at the output of the bunch compressor. 
6.1 First stage of bunch compressor
It works at 1.98 GeV. Both e- and e+ beams coming from their respective damping
rings are passing through this first stage. The bunch length is reduced from 3 mm
down to 250 Pm (compression factor 12). With a rms energy spread of VE  = 0.082 %,
the non-linearities are small. According to (16), the RF cavity working at 1.5 GHz,
requires a RF voltage of 206 MV. This first stage can be designed with a common RF
rotator. The RF power will be provided from superconducting structures.
6.2 Second stage of bunch compressor
Due to the small bunch length, i.e. a small phase extension, a 1 % correlated energy
spread along the bunch would require a huge RF voltage at 1.5 GHz. Hence it was
decided to work at 30 GHz in order to reduce RF voltage by a factor 20. The bunch
length of 250 Pm has 9 o of phase extension. It is well in the linear part of the RF
field.
This second magnetic bunch compressor is installed just upstream the main linac at
9 GeV. The bunch length is reduced from 250 Pm down to 50 Pm (compression factor
5). The RF cavity, working at 30 GHz and with a VE  = 0.216 %, requires a RF voltage
of 606 MV. The 30 GHz RF power will be provided from CLIC transfer structures as
used in the drive beam linac.
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With 2 bunch compressors stages, it is possible to compress both beams from 3 mm
down to 50 Pm (rms) for each particle type.
First tracking results [5][11] show that non-linearities are not an issue. The tracking
takes into account second order effects in the chicane and the wake fields for both
frequencies.
Figures 8 and 9 give a plot in the longitudinal phase space for the first stage and the
second stage of the bunch compressor respectively.
Figure 10 shows the pulse length of 51 Pm (rms) obtained at the injection of the main
linac.
Conclusion
Several issues have to be investigated in more details. However safety margins are
conservatives and could lead to several improvements. The bunch charge could be
reduced if the transmission efficiencies are close to 100 % (less beam loading). The
linac lengths could be reduced if the gradient is increased. Polarized electrons could
be implemented using a second RF gun. Positron production could be simplified if the
channeling process is implemented.
No drastic bottleneck appeared for the new CLIC injector complex but several
challenges are not obvious.
Last but not least, the superconducting linacs option needs to be compared with the
classical option for the power consumption and the cost.
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Figure 2:  Normalized vertical emittance at I.P. versus incoherent energy spread
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Figure 5:  CLIC e+ target. The target W75Re25 (red and green regions) is
installed on a copper block (blue) where the 2 holes are foreseen for the
water cooling. The temperature rise is calculated for 81x1010 e- /pulse at
1.98 GeV and with a repetition rate of 511 Hz. It is 630 oC above the
water temperature
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